Here, we demonstrate that light and oxygen-induced degradation is the main reason for the low operational stability of methylammonium lead triiodide (MeNH 3 PbI 3 ) perovskite solar cells exposed to ambient conditions. When exposed to both light and dry air, 
Methylammonium lead trihalide perovskites (e.g MeNH 3 PbI 3 ) are currently generating extensive interest with respect to their use in a range of devices such as light emitting diodes, solar cells, transistors and lasers. [1] [2] [3] [4] [5] [6] [7] The successful exploitation of these technologies ultimately depends on the ability to achieve both high device performance and operational stability. A device configuration of particular interest is the MeNH 3 PbI 3 perovskite solar cell. Over the last few years, remarkable progress has been made and solar light to electrical power conversion efficiencies of such devices have quickly risen from approximately 10% in 2012 to over 20% at present. [4, 8] As such, it is increasingly recognised that stability is a key challenge for this technology. [9] Promising operational stability has been reported for MeNH 3 PbI 3 solar cells encapsulated under an inert atmosphere using glass as a barrier layer. [10] [11] [12] Whilst it is common place to encapsulate similar optoelectronic devices (such as OPVs and OLEDs), sensitivity to environmental exposure, and specifically to water and / or oxygen ingress, is likely to be key concern for many practical technology applications where flexibility is needed and glass barrier layers are not viable. Some progress has been made in this regard, with promising shelf life (dark) stability reported for unencapsulated MeNH 3 PbI 3 employing a metal-oxide top contact, [13] and under operation for devices employing enhanced electron extraction. [10, 13] However, the underlying origin(s) of these improvements in device stability have not been elucidated, and in particular in the literature to date relatively little attention has been placed on determination of the relative importance of different factors limiting material and device stability. While several external agents (e.g. temperature, phase behaviour, pressure, ultraviolet light, moisture and crystallinity) have been reported to influence the stability of perovskite solar cells, [14] [15] [16] [17] [18] [19] it has largely been assumed that moisture-induced degradation is the dominant issue affecting MeNH 3 PbI 3 device stability under ambient conditions. As such, most stability studies have focussed on the role of moisture in the deterioration of MeNH 3 PbI 3 solar cell performance. [17, 20, 21] In contrast, we have recently show that this drop in device performance can be slowed down by the integration of electron acceptor layers within device architecture. Such layers are shown to enhance electron extraction from the perovskite absorber before they can react with oxygen, thus reducing the yield of superoxide O 2 -and improving device stability.
When exposed to both light and oxygen, MeNH 3 PbI 3 photoactive layers rapidly degrade, as illustrated in Figure 1 . Specifically, Figure 1 presents the absorption characteristics of reported absorption onset at approximately 780 nm. [4] It is apparent that degradation of the MeNH 3 PbI 3 films takes place in dry air with light ( Fig. 1C ) and ambient air with light ( Fig.   1D ). However, no degradation is observed in control samples aged in N 2 with light ( Fig. 1A) and dry air in the dark (Fig 1B) . Moreover, it can be seen in Figures 1C & 1D , that exposure to light and oxygen for just 48 hours results in a dramatic blue shift in the absorption onset from 780 nm to 520nm and a profound change in colour of the sample from dark brown to yellow; both these observations being consistent with the breakdown perovskite crystal and the subsequent presence of PbI 2 in the final degraded films. [22] The data presented herein are consistent with our previous work and further confirm the presence of a degradation pathway that is light activated, independent of moisture and requires molecular oxygen. [22, 23] Our observation of a profound sensitivity of MeNH3PbI exposed to dry air in dark, (c) exposed to N 2 in the dark (d) exposed to light and N 2 with 85% relative humidity, (e) exposed to dry air in light and (f) exposed to dry air and 85% relative humidity in the light). Raw data (device parameters obtained from current-voltage scans under these different environmental conditions as a function of time) are presented in Figure S1 . It is evident from the data presented in Figure 2 that the performance of control devices a, b and c remains relatively constant, even increasing marginally in performance over 12 hours. In contrast, the device exposed to light and dry air (device e) shows a dramatic and large drop in PCE with ageing time with, for example, this device exhibiting a 50% drop in PCE from its original value within 2 hours. This observation clearly demonstrates that the performance and stability of MeNH 3 PbI 3 based solar cells is critically affected when exposed to both light and oxygen. In contrast, the PCE of device (d) exposed to light, 85%
relative humidity (RH) in N 2 remains relatively constant with this device showing a comparatively small 10% drop in PCE over the 12-hour aging period. Furthermore, it can be seen from the data presented in Figure 2 that the rate of decrease in PCE is similar in devices exposed to light and dry air (device e) and light, dry air and 85% RH (device f). We therefore conclude that light and oxygen induced degradation, and not moisture induced degradation, is the dominant factor that determines the stability of MeNH 3 PbI 3 based solar cells under ambient operating conditions. employed doped spiro-OMeTAD and gold as the hole-transporting material and top metal contact respectively. [24] Figure 3A shows the PCE versus time profile for devices 1, 2 and 3 aged in dry air and light. Full current-voltage data are presented in Figure S2 . As can be seen by a comparison of the PCE versus time profiles for devices 1, 2 and 3 (Fig. 3A) Figure 3A . Figure 3B Figure 3B , we find that yield of MeNH 3 PbI 3 PL quenching is 85% 78% and 56% for the compact-TiO 2 /mesoporous-TiO 2 , compact-TiO 2 , compact-TiO 2 /mesoporous-Al 2 O 3 films respectively, indicative of a trend in the efficiency of electron extraction between these three device architectures, in agreement with literature data. [25] We note that the same trend in PL quenching efficiency was obtained from time-resolved PL measurement, as illustrated in Figure S3 . We next consider the correlation between the yields of MeNH 3 PbI 3 PL quenching and O 2 -generation in the three films. The presence of superoxide was detected, as previously, by using a fluorescent molecular probe, hydroethidine. [22] Figure   3C shows lead to poorer electron extraction and therefore an increased probability of electron transfer to oxygen. Taken together, the data presented in Figure 3 indicates that better electron extraction leads to better device stability. This improved stability derives from a reduction in yield of O 2 -generation as a consequence of better electron extraction from the Fig. 4A (inset) ). These observations further highlight the importance to device stability of removing electrons from the photoactive layer before they can react with O 2 to form O 2 -.
We now consider the wider relevance of our observations to other electronic and optoelectronic devices that exploit the semiconducting properties of Herein, we have shown that MeNH 3 PbI 3 based films and solar cells degrade remarkably quickly, on timescales of minutes to a few hours when exposed to both light and oxygen. In organic solar cells, the presence of a metal top contact has been observed to substantially improve device stability under light / oxygen exposure, attributed to slow lateral oxygen diffusion kinetics through the organic layer [26] . For MeNH 3 PbI 3 devices studied herein, in contrast, the presence of a metal top contact does not appear to substantially enhance stability. This observation is indicative of relatively rapid oxygen diffusion kinetics within the device structure. Such rapid diffusion kinetics would be consistent with the observation that even much larger species ((e.g. 
